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DRIFT MICROWAVE PLASMA HEATING

I. INTRODUCTION

A self-consistent plasma simulation code has been used to simulate a hot

(5 keV), overdense (W104), microwave-corona interaction for a hydrogen

plasma.

Earlier calculations
(1)

the microwave cycle when the

These calculations, however,

have emphasized absorption during the phase of

B field is near zero (Field Reversal Heating).

were not entirely self-consistent in taking into

account space-charge limitations and consequently still require considerable

refinement.

Another absorption mechanism occurring primarily during the electron

drift portion of the cycle has been calculated self-consistently and is

presented here (Drift Heating).

This code uses the electron plasma period as a time step basis, and

consequently it was necessary to scale down the corona density to %104

times critical from a more typical 108 critical (i.e., peak B field from

>107G to 105(3, This corresponds to an incident Poynting flux of

2 X 1012 watt cm-2 and 102 plasma periods per R.f. cycle, and produces a

5 keV, ‘IJ1017cm-3 hydrogen plasma for which the electrons are in pressure

equilibrium with the field.

The code only runs in plane coordinates , with X going into the plasma,

Y tangential. The charge separation field, Er, is along X and the incident

microwave field oriented with B along Y and E along Z.

Since this calculation is intended to approximate an actual microwave

mode field, we give a brief description of the fields appropriate to a
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spherical TEnO1 mode within a spherical resonator containing a central

(2,3)plasma corona. (See Figs. I & II.) A single transverse electric mode

TE , with n radial nodes, has no @ variation. The B field has in general
nOl
. A A

a 6 and r component, with the E field only along $. At the corona, B = ~B
0

only, with Br = O.

The corona radius is less than A/2, where A is free vacuum radiation

wavelength. The B6 field has a sin 6 variation, being zero at the poles

and a maximum at the waist. ThenX+r, Y+8, Z+@. Since the only

field variation is with (3,on the corona radius length scale, a locally

plane coordinate calculation

Of more significance is

along the microwave electric

should be an adequate first approximation.

the fact that the electron drift direction +,

field, has no field variation. The only

changing fields which the drifting electron sees are due solely to the

intrinsic, adiabatic time dependence of the R.f. cycle (see Fig. II).

II. RESULTS

The problem was run for 3 R.f. cycles. The net absorption rate

settled to approximately 2% of the incident Poynting flux, with about a

50% split between electrons and ions. The initial temperatures were

5 keV and final was Ti = 12.4 keV, T = 13.9 keV. (See Figs. IVa, IVb.)
e

An important result is that all heated particles are directed inward,

towards the core.

Fig. III, a time integrated “snapshot”, clearly shows the ion heating

occurring primarily in bursts, twice every cycle, just after the electrons

obtain their maximum energy (also twice per cycle). The electrons receive

most of their energy during the phase intervals of wt between IT/2- 3 Tr/4and

3 T/2 - 7 ?T/4. That is, during the l/8th cycle following the maximum values

of Iiel? This is also confirmed from a detailed study of the time dependent

electron energy gain.
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The electron and ion distribution functions are shown as

Figs. IVa and IVb.

III. QUALITATIVE MODEL FOR HEATING

We modeled the microwave-corona coupling with a self-consistent orbit

code which accumulates particle orbits, computes charge and current densities

from them and corrects the microwave and charge separation

consistency with Maxwell’s equations.

Evidently, the electrons from the core enter the R.f.

.
drift along @ in the crossed
.

‘+’
is along this direction,

resonant drift electrons and

energy within the skin until

IE I/l;,I no longer provides
r

fields E x ~o.
.r

energy exchange

the field. The

fields to self–

skin region and

Since the microwave field,

takes place between the

electrons will continue gaining

the Er field becomes small with time, such that

a drift concurrent with the (present) electron

energy, and is reflected back into the core by the Be field.

The Er field results from the radiation pressure of the reflected

light and is quadratic in l~el. Hence Er, like the pressure has a period

half that of the R.f. cycle. The general form for Er is known under

4
equilibrium conditions. A sketch of space and time relations between

.
. A

Er , 136and E is shown in Figs. V, VI.
+

Note that lErl = 1~6]/2 where Er

A kT
and Be are peak values. This comes about because Er % ~ and for an equili-

D

brium corona. .

Iiiep

(1
%

—=2nkT; AD=
81T

Debye screening length == ––K~

47rne2
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Note also that the R.f. period is adiabatic with respect to the

Larmor period (in this example, $2L/2w%10, but for more realistic fields,

QJ2W%103). Hence an adiabatic approximation is marginal for the example,

but should be good for stronger fields.

There are generally two phase regions each cycle during which drift

electrons can gain energy, and two for which they can lose energy. The

drift guiding center for those gaining energy tends to move such that

Vj/C = lErl/lB61 as v: increases. For those losing energy, the drift

will tend towards smaller values of lErl/lB I and return quickly to the~,

interior. (See Fig. VI.) The process then

electron energy, because the electrons can

several times their thermal energy.

An estimate of this drift heating can

provides a net increase in

th
gain, during RJ/10 cycle,

then be made: During a drift

time, T, twice each cycle, electrons pick up energy q, with drift velocity

‘; ‘

It might be noted that c is independent of IB61, for a given frequency

-+%1;81-1, 8 = c/wp=and temperature, because 6 % u-l %n R.f. skin septh,
P

k= 21T/Aand where, T s 1/10
th 21T

cycle == from Fig. V.

For the example used IB81 W105 g., A’I-J1cm,

6 S 5 x 1(3-3cm. v: at 5 keV is %3 x 109 cm. sec.-l. Consequently,

assuming a thermal velocity during drift, c = 2 x 10-8 =2.5 kt. If we

‘.:
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therefore adopt an average drift speed of s1.5 v;, we obtain c = 4 kt.

2x4kt=.8ktThe average energy gain per cycle per electron is then ~0 .

The incident flux is nv~,
●

and rate of absorption is E = nv~ .8 kt. Since

Ii$y liey
— = 2 n kt and the Poynting flux is P = —

8T 87r
.C, we have ~ = [.4 v~/C]P.

This is a factor of two larger than calculated by Zohar.

When the heated drift electrons reflect back into the plasma they

produce a strong additional component electrostatic field coupled to the

ions, and drag ions back with them. This effect is shown in Fig. III from

the code run and results in the sharing of E with the ions.

I-v. MICROWAVE TARGET HEATING
v’

The heating rate into the corona of a fuel target is & = Pf S -~

where P is incident Poynting flux, S is surface area and f is an efficiency

parameter, which we have seen satisfies .2 ~ f $ .4 from the limited

calculations made so far. A m50% split between electrons and ions is assumed.

(v: is electron thermal speed.)

For a copper (or aluminum), spherical, cavity at room temperature

the intrinsic quality factor Q. = & , where dc is the R.f. skin depth,
c

and a TE mode is assumed. At Awl cm, 13CRJ2x 10-5cm.

The loaded Q is Q~l =~+~whereQ
Q. Qe

e represents the coupling of

energy externally through the input/output guide ports. The field rise

time is T = QL/u. For instance, with critical coupling, Qe = Q. and
c

QL = Qo/2 and if R ~ 10 cm, T =
5 x 105= 1 ~sec.

c 4 x 1011

On the other hand, energy can be equilibrated between two cavities,

once present, very rapidly by extreme Overcoupling Qe<<Qo, and Tc = few ns.
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TN.A. RELATIVISTIC MAGNETRON GENERATED ENERGY, A m 1 CM

For this system, a relativistic magnetron6 output is coupled, near

critically, into a R % 10 cm integrating cavity for Tc % 1 psec, and then

switched, overcoupled, to a R w 10 cm target cavity (T: N 3 ns). The

switching is accomplished via a A/4 wave phase shift by one of several

known methods7.

The field strength IB81 at the corona is related to that at the cavity

wall, IBwl for the TE mode by IB61 = 2m ~ IB 1.
W

Further, the field energy, Ef, contained within the storage (and the

QL
target) cavity is Ef = PM~ where PM is the magnetron power output. As

an example, for P
M

% 4 x 1011 watts, E = .5 MJe
f

This corresponds to a

IB6I = 1.5 x 105 gauss which in turn provides IBe I = 10 Mg and an incident

Poynting flux P = 1016 watts cm-2. Peak wall pressure is 1 kbar = 15,000 psi

and corona pressure is W4 Mbar.

For a corona satisfying hydroradiation stability, corona radius

wA/3, so S = 1 cm2. For a temperature (Corona) of 5 keV this gives

●

E = 2 x 1014 for f = .2 or .2 MJ/ns. Since ~ % T;, a 20 keV temperature

gives E = 1 MJ/ns. This system is intended for high efficiency use in

power generation.

IV.B. MICROWAVE FIELD COMPRESSION

In this system, the compression cavity acts initially as the inte-

grating cavity. By using a cryogenic temperature (initially), field levels

5of %1 Mg may be achievable after compression . The initial frequency is

●

at N1O cm and final frequency %3-4 mm, with energy gain of 1125. For a
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☛

target cavity of R ~ 5 cm and a lBU,l~lMg, IBGI s 70 Mg corona pressure

is w150 Mbar and an energy absorption rate ~ w 20 MJ/ns @ Te %5 keV and

f = .2.

In either case, IV.A or IV.B, f = .2 corresponds, at 5 keV, to a Q

of %50, and at A % 1 cm this is 1.5 ns for field energy absorption. Since

without the corona the cavity would absorb on a usec time scale, virtually

all the field energy in the system will go into the corona.

●
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Ion Velocity in Units of C
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Microwave Skin Region

-14-



REFERENCES

1. Self-Consistent Microwave Heating Rates, D. L. Ensley & R. H. White,
Oct. 1975, UCRL-77152.

2. A. D. Steiger, Electromagnetic Eigenmode Perturbation Caused by
Deformation of a Plasma Core in a Spherical Resonator, UCRL-78368,
May 1976.

3. Donald Ensley, Three Dimensional Adiabatic Shape Stability for a
Microwave-Corona Contained Within a Spherical Resonator, May 1978.

4. Donald Ensley, Surface Motion and Confinement Potential for a Microwave
Confined Corona, UCIR 1192.

5. Private communication with J. Eddleman.

6. A. N. Didenko, A. S. Sulakshin, G. P. Fomenico, Yu. G. Shtein, and
Yu. G. Yushkov, Pis’ma Zh. Tekh. Fiz. 4_, 10 (1978).

7. Pre-Print, Pulsed Frequency Modulation of Superconducting Resonators,
D. Birx, U. C. Santa Barbara and G. J. Dick, W. A. Little,
J. E. Mercereau, and D. J. Scalapino, RAI, Inc.

************ ● ☛☛☛☛☛☛☛☛☛☛☛☛

ACKNOWLEDGEMENT

The author would like to thank Kent Estabrook for providing the code
run results quoted here.

-15-


